Introduction
In the vertebrate retina, mature cells arise from a group of apparently equivalent neuroepithelial precursors. Clonal analysis has shown that all cell types can be produced by a single undifferentiated retinoblast (Holt et al., 1988; Turner and Cepko, 1987; Turner et al., 1990; Wetts and Fraser, 1988) . In teleost fish and amphibians, retinal cell proliferation continues beyond the end of embryogenesis, by which time almost all mitotic activity is observed in a narrow germinal zone near the citiary margin (Johns, 1977; Straznicky and Gaze, 1971) .
At the cellular level, retinal neurons and glia in vitro seem to rely on specific interactions to induce developmental fate choices (Altshuler and Cepko, 1992; Harris and Messersmith, 1992; Reh, 1992; Watanabe and Raft, 1992) . Invertebrate retinal development, including ommatidial pattern formation in Drosophila, has also been found to require intercellular signaling for proper fate specification (Lawrence and Green, 1979; Ready et al., 1976; Venkatesh, 1993) . It has therefore been suggested that similar mechanisms may guide differentiation of the retina in ani-:l:Present address: Division of Anatomy 0604, School of Medicine, University of California, San Diego, La JolFa, California 92093. mals as diverse as the fly and frog. However, the question arises whether the same molecules control cell fate determination in both vertebrates and invertebrates.
In Drosophila, retinal development is one of the processes regulated by the gene Notch, which has been shown to play a role in cell fate determination (ArtavanisTsakonis et al., 1991; Artavanis-Tsakonis and Simpson, 1991; Fehon et al., 1991; Greenspan, 1990; Poulson, 1937; Xu et al., 1990 Xu et al., , 1992 . Notch homologs have been cloned in vertebrates, including frog, mouse, and rat (Coffman et al., 1990; Del Amo et al., 1992; Kopan and Weintraub, 1993; Reaume et al., 1992; Weinmaster et al., 1991) , and the cells expressing these genes tend to be located in regions of cell proliferation, including presomitic mesoderm, neuroepithelium, and later developing sensory neural structures. In the Xenopus laevis central nervous system, Xotch mRNA is restricted to proliferative areas such as the ventricular zone of the developing brain and spinal cord. Ribonuclease protection assays of isolated peripheral and central tadpole retinal tissue show a substantially higher concentration of Xotch message in the growing peripheral region (Coffman et al., 1990) . This pattern of expression in the frog retina is reminiscent of Drosophila, in which Notch is found at the morphogenetic furrow, a known area of fate specification (Kidd et al., 1989) . The corresponding localization of Notch and Xotch raises the possibility that the two genes play a similar role in retinal development.
In the Drosophila eye disc, temporally restricted knockout of Notch produces a range of effects on cell type distribution, indicating that it is required for cell contact-mediated fate decisions (Cagan and Ready, 1989) , whereas activated Notch causes cells to follow default pathways (Fortini et al., 1993) . In Xenopus, expression of XotchzlE results in expanded neural and mesodermal regions and the loss of other structures. This activated form of Xotch also extends the competence of embryonic tissues to respond to signals such as mesodermal and neural induction (Coffman et al., 1993) . Thus, both vertebrate and invertebrate Notch genes seem to have a role in cell differentiation; specifically, they act to prevent or delay differentiation and allow precursors to adopt alternate fates.
We examined whether Xotch is involved in cell fate choices in the frog retina. First, we studied the regulation of Xotch expression at a cellular level throughout the germinative life of retinal precursor cells. Our study focused on the transition of precursor cells through terminal mitosis into mature neurons and glia. Second, we experimentally analyzed the relation of cell division and Xotch expression in the retina. Third, we determined whether there are developmentally restricted progenitors outside of the marginal zones in Xenopus, i.e., rod or glial precursors (Hagedorn and Fernald, 1992; Johns, 1982; Johns and Fernald, 1981; Raymond and Rivlin, 1987) , and whether Xotch is expressed in this subpopulation. Finally, to analyze the retinal function of Xotch, we used the targeted in vivo lipofection technique of Holt et al. (1990) to transfect retinal precursors with Xotch/IE DNA. By allowing transfected retinas to develop and by studying the morphology of individual expressing cells, we observed the effects of activated Xotch on retinal cell differentiation.
Results

Xotch in the Embryonic, Larval, and Adult Retina
At stage 35•36, many cells are already postmitotic, and ganglion cells have begun to accumulate at the vitreal surface and to differentiate. However, lamination of the retina is not yet complete, anc many outer cells appear columnar and undifferentiated. Xotch expression appears to mimic this developmental gradient, with its strongest expression in the outer layers and very little staining in the presumptive ganglion cells at the vitreal surface (Figure 1A) .
By stage 41, the retina is almost fully developed, exhibiting complete lamination and distinct cell types (Holt et al., 1988) . Nevertheless, a proliferative population remains at the ciliary margin, providing a ~;ource of new cells for the growing retina. Xotch expression was found at high levels in the ciliary marginal zone (CMZ) and seemed to be localized to the proliferative cells there (Figure 1 B) . Xotch labeling was absent from the differentiated cells of the laminated retina. However, Xotch staining was also observed in a few scattered cells of the inner nuclear layer (INL) in more central regions of retina ( Figure 1B, arrowhead) . Thus, by the time that the majority of retinal cells had assumed specific fates, Xotch transcript had become restricted to a small population of undifferentiated precursor cells.
A further restriction of Xotch expression from stage 41 through stage 50 to adulthood parallels a decrease in the size of the proliferative population, even though there is an increase in the size of the eye over this period. By stage 50, Xotch expression continued to be limited to the CMZ ( Figure 1C ). In the adult frog retina, Xotch was expressed in a small population of cells comprising the CMZ ( Figure  1D ). In summary, cells expressing Xotch were found in all stages, localized to the undifferentiated cells in regions in which cell fates were being determined.
Shifted Registration of Xotch and Cell Division in the CMZ
Because Xotch expression correlated with undifferentiated proliferative cell populations, we wanted to localize precisely the expression pattern in relation to cell division. To do this, in situ hybridization was combined with immunohistochemistry to detect both Xotch mRNA and bromodeoxyuridine (BrdU) uptake by cells in S phase. BrdU was injected intra-abdominally, and the animals were allowed to recover for 2 hr postinjection (PI) so as to label cells before they had undergone more than one division. Xotch expression was detected as before, with a blue color reaction visible in bright field, and BrdU was detected with a fluorescent secondary antibody. BrdU-positive (BrdU +) nuclei were counted and categorized as Xotch-positive (Xotch ÷) or-negative (Xotch-).
At stage 41, Xotch expression overlapped areas of cell division in the CMZ (Figures 2A and 2B ). In this zone, 61% ± 3% (SEM; n = 21 sections from four eyes) of the BrdU ÷ cells were also Xotch ÷ ( Figure 3A) . All of the double-labeled cells were located in the middle region of the CMZ. In areas flanking this middle region, cells were single-labeled either with anti-BrdU (peripheral region) or Xotch probe (central region). It is unlikely that the BrdU-/ Xotch ÷ population represents dividing cells that were not in S phase while BrdU was available, as this would presume synchronization of the cell cycle in the CMZ. Analysis of mitotic figures in the CMZ indeed shows this is not the case (data not shown). Rather, it seems that these cells are postmitotic.
By stage 50, 67% _.+ 1% (SEM; n = 42 sections from four eyes) of the BrdU ÷ cells in the CMZ were doublelabeled, and they were all located in the middle region of the CMZ, which was essentially unchanged from stage 41 ( Figure 3B ). Within the CMZ there were still both a group of BrdU-only cells near the margin and a Xotch-only group at the central limit. Thus, as the retina undergoes substantial growth, the tripartite organization of the CMZ remains ( Figure 4 ). Since Xotch is expressed in some nondividing cells and is not expressed in some dividing cells of this zone, it is likely that Xotch is not simply involved in the maintenance of cell division.
Xotch Is Expressed in the Absence of Cell Division
To test further whether involvement in the cell cycle is necessary for the maintenance of Xotch expression, we treated embryos at stage 20 with a combination of hydroxyurea and aphidicolin (HUA), drugs that block cell division by inhibiting DNA replication, Previous studies have shown that treatment at this stage effectively stops all cell division within a few hours, limiting the size of the retina to less than 2,000 cells, many of which differentiate into distinct cell types (Harris and Hartenstein, 1991) . Our embryos showed this same effect, producing small eyes with large, round cells at stages 35•36 and 41. After fixed, dissected retinas from these animals were mounted onto slides and stained with Hoechst dye, nuclei were counted. Treated eyes contained 1,500-2,000 cells, compared with 10,000-20,000 cells in untreated controls. In HUA-treated embryos, Xotch expression at stage 351 36 was localized throughout the retina, with the majority primarily limited to the zone abutting the pigment epithelium ( Figure 5 ). At stage 41, Xotch staining was mostly confined to peripheral regions of the retina corresponding to the CMZ in untreated animals (data not shown). Thus, the expression pattern of Xotch in HUA-treated embryos is similar to that observed in normal development. This demonstrates that control of Xotch expression is not dependent on cell division. Rather, it may be linked to cellular determination events that take place in these regions.
A B
Xotch and Late-Dividing Cells in the Central Retina
We next examined the central r,atina following Xotch and BrdU double staining to determine whether Xotch is colocalized with the scattered cell division in this region. At stage 41, there was a group of 8rdU+/Xotch + cells in the INL. Most (75% _+ 4%, SEM; n = 21 sections from four eyes) of the BrdU + cells were double-labeled ( Figure 3A) . By stage 50, the number of dividing central cells had decreased dramatically. The number of BrdU + cells per section in the central retina was roughly one-fourth that found at stage 41. All of these cells we~'e located in the INL, and 78% _ 7% (SEM; n = 42 sections from four eyes) of them contained Xotch mRNA ( Figure 3B ). At both stages, we observed BrdU+/Xotch -and 8rdU-/Xotch + cells in the INL of the central retina, consistent with the results obtained in the CMZ.
Dividing Cells in the Postembryonic Central Retina Become MUller Gila
To gain some insight into the role of Xotch in the proliferative cells of the central retina, we investigated whether they eventually differentiate and which cell types they produce. After a 10 day survival period, BrdU-labeled cells were shifted centrally from the CMZ. The low level of labeling at the extreme periphery indicated both a limited period of BrdU availability and a significant dilution by dividing cells (Figures 6A and 6B ). In the central retina, we found 81 _+ 4 (SEM; n = 8) labeled cells per eye at 2 hr PI and 175 4-27 (SEM; n = 4) cells at 10 days PI, approximately stage 50. After the longer survival time, many labeled cells appeared as doublets (i.e., putative daughters of a single, terminal cell division). By this stage, most of the cells in the central retina that were previously dividing and expressing Xotch had terminated both mitosis and Xotch expression ( Figures 3A and 3B) . Thus, most of the BrdU+/Xotch + cells in the central retina at stage 41 divide one more time before they differentiate.
To determine the cell types resulting from these latedifferentiating cells in the central retina, we combined the use of cell-specific antibodies with BrdU detection. No cells were double-labeled with XAP-2, a rod-specific antibody (Harris and Messersmith, 1992) . Thus, these mitotic cells of the central retina are not rod precursors, as might have been expected from work in other species, in which a persistent precursor for rod cells is found in the central retina (Hagedorn and Fernald, 1992; Raymond and Rivlin, 1987) . However, when R5, an anti-glia antibody (Dr&ger et al., 1984) was combined with BrdU detection, 93% _+ 1% (SEM; n = 3) ofthe BrdU-labeled cells were also R5 ÷ at 10 days PI, indicating that th e majority of these progenitors produce glia (Figures 6C and 6D ). In the next section, we show that Xotch activity can inhibit the differentiation of retinal precursor cells. Therefore, the expression of Xotch in central cells during normal development could be involved in delaying their differentiation.
Xotch/IE Expression Results in a NeuroepitheliaI-Like Morphology
To examine the effects of continuous Xotch activity on developing retinal cells, we misexpressed an activated form of Xotch (XotchAE) in retinoblasts. Before Holt et al. (1990) Mature cell types were assigned on the basis of morphology and laminar position according to established criteria (Dowling, 1987; Ram6n y Cajal, 1972) . Neuroepithelial cells classically have their cell bodies in the outer plexiform layer (OPL) or outer nuclear layer (ONL) and a single cellular process directed toward the vitreal surface of the retina (Hinds and Hinds, 1974; Jacobson, 1978; Ram6n y Cajal, 1972 (Figures 7A-7D ; Table 1 ). They had their cell bodies in the outer plexiform layer (OPL) or outer nuclear layer (ONL) and a single smooth vitreally directed process (Hinds and Hinds, 1974; Jacobson, 1978; Ramdn y Cajal, 1972) . Neuroepithelial cells were clearly distinguishable from Mfiller gila, which had their cell bodies in the INL and more complex processes (compare Figures 7A-7D with Figure 7G ). A few XotchzlE ÷ cells had the characteristics of mature neurons, but these were more lightly stained and presumably had a lower level of expression of the transfected DNA. In contrast, all luciferase ÷ cells had the morphology of mature retinal neurons or gila (Dowling, 1987; Rambn y Cajal, 1972) , and all major retinal cell types were represented in our sample (Figures 7E-7H ; Table 1 ). In agreement, cells in the central retina with mature morphologies, but not with neuroepithelial morphology, have been observed in studies with misexpression of cadherins and 13-integrin in the stage 41 retina (A. Lillienbaum, R. Riehl, and C. Holt, personal communication).
Since the majority of XotchA E-transfected cells had neuroepithelial morphology, we were interested in whether they continued to divide at stage 41. To assay for cell division, animals were injected with BrdU 2 hr prior to sacrifice and double-stained for both the c-myc epitope and BrdU uptake. All XotchAE ÷ cells (6•6 in five embryos) were unlabeled for BrdU, indicating that at stage 41 these cells were not in S phase of the cell cycle.
In addition, Xotchzl E ÷ cells with neuroepithelial morphology werenotlabeledby either XAP1 (anti-photoreceptor [Harris and Messersmith, 1992] ) or RMO270.7 (anti-neu rofilament [Lee et al., 1987] ) antibodies (data not shown). Thus, transfected cells with this characteristic morphology did not exhibit molecular markers of differentiated retinal neurons.
We often detected more luciferase-expressing cells than
XotchAE-expressing cells in similarly transfected retinas. One trivial explanation of this result is that Xotch,4E and luciferase are expressed in different cell populations. However, in cotransfection experiments, 98% of the cells positive for XotchzJ E were also positive for luciferase, indicating that the same cells are able to express both proteins. This agrees with the high coexpression ratio previously observed using this lipofection technique (Holt et al., 1990) . The lower level of XotchAE detection may be due to several factors, including transfection efficiency, protein stability, antibody sensitivity, or even gene effects on cell proliferation (see Discussion). From these studies, our data suggest that activation of Xotch maintains the neuroepithelial cells of the vertebrate retina in an undifferentiated state and inhibits their development into mature neurons.
Discussion
Xotch Expression and Cell Division in the Retina
Previous studies have suggested that Notch genes act to inhibit a cell's ability to process differentiation signals, in effect blinding it to the surrounding environment (Coffman et al., 1993; Fortini et al., 1993) . One way this could be achieved is through effects on the cell cycle, i.e., by Notch activity keeping the cells in a proliferative state. However, the presence of BrdU+/Xotch -cells in the peripheral CMZ indicates that Xotch is not necessary for the maintenance of all cell division. In addition, Xotch is expressed in HUAtreated embryos, in which Harris and Hartenstein (1991) showed that cell type specification also did not require cell division. Thus, the patterned expression of Xotch in the absence of cell division is compatible with an involvement in cell determination. Our data do not preclude the possibility that Xotch function is closely tied to cell proliferation, as has been suggested previously (Markopoulou and Artavanis-Tsakonis, 1989) . in fact, coordinated Xotch expression and BrdU uptake in the central region of the CMZ suggests that these two events may be linked. A summary of the pattern of Xotch and BrdU labeling observed in the embryonic and larval retina is shown in Figure 8 . (B) A single retinal stem cell divides, producing another stem cell and a proliferating retinoblast that expresses Xotch. After one or more rounds of division, the retinobiast progeny terminate mitotic activity and turn off Xotch, at which time they acquire their final fates and differentiate.
by lineage tracing analysis (Wetts et al., 1989) . Following dye injection, these cells produce large, wedge-shaped clones of both neural retina and pigment epithelium. The second group, located in the center of the C MZ, are Xotch ÷ dividing retinoblasts. Lineage studies showed that these cells produced smaller clones in the neural retina only (Wetts et al., 1989) . Finally, there is a third group ofXotch ÷ cells at the central limit of the CMZ. These are presumably postmitotic and about to differentiate.
A similar pattern of expression has been seen in the Drosophila larval eye disc, in which Notch protein has been localized to precursor cells that are differentiating near the postmitotic side of the morphogenetic furrow, but not in front of the furrow, where cells are proliferating, or well behind, where cell fates have been established (Kidd et al., 1989) .
Xotch in the Central Retina and the Generation of Glial Cells
Previous research has been unable to demonstrate a population of late-dividing cells in the ONL of the frog retina (Raymond and Rivlin, 1987; Reh, 1989) comparable to the rod precursors (Johns, 1982; Johns and Fernalcl, 1981) of teleosts. We were also unable to localize definitively any BrdU uptake by ONL cells; however, there were Xotchlabeled dividing cells in the INL of the central retina. These proliferating cells have been observed in other studies (Raymond and Rivlin, 1987; Reh, 1989) . Our study has detected Xotch expression in a group of dividing cells amid the largely differentiated central retina, most of which appear to differentiate as gila when followed for 10 days. Previous work in the rabbit has identified dividing cells in the INL as late as postnatal day 18 exhibiting both glial morphology and immunoreactivity (Reichenbach et al., 1991) . Thus, the process of celJ genesis in the central Xenopus retina may resemble the case in rabbits, where the predominant late-developing cells are gila. This result is surprising because gila have not previously been identified as the last retinal cell type born in other lower vertebrates. In the goldfish, rods are the last cells generated in the central retina, and rod precursors continually divide throughout retinal growth, thus maintaining photoreceptor density and visual sensitivity (Johns, 1982; Raymond and Rivlin, 1987) . Perhaps as the Xenopus retina grows, visual sensitivity is not maintained, or photoreceptor density is compensated by a different process.
Two possible mechanisms could result in the latedifferentiating retinal cells being driven to a glial fate. Either these cells may have an internally programmed default fate to become gila, or the late retinal environment may dictate a glial fate. In either case, inductive signals must be ignored until the only available fate is glial. Figure  8A summarizes the pattern of proliferation and Xotch expression we observed in the central retina at different stages. We believe that these cells undergo the same phases of development as those in the CMZ. Based on our knowledge of Xotch function, both from previous studies in Drosophila (Cagan and Ready, 1989; Fortini et al., 1993) and Xenopus (Coffman et al., 1993) and from our present work, Xotch is a likely agent in inhibition of differentiation, and its expression in these cells during normal development is consistent with such a role. If stem cells (BrdU÷/ Xotch-) exist in the central retina, other mechanisms must be involved in delaying their determination. These stem cells presumably produce daughters that turn on Xotch, perhaps in an obligatory manner, further delaying their differentiation. Another possibility, which we cannot rule out, is that the BrdU+lXotch -central cells are actually dividing gila.
Xotch Activity and Inhibition of Cell Differentiation
Contact-mediated signaling involving the Notch gene has been shown to be important for proper fate assignments in Drosophila retinogenesis. For example, the lack of proper Notch activity causes inappropriate development of photoreceptors, cone cells, pigment cells, and bristles, depending upon the timing of gene disruption (Cagan and Ready, 1989) . Expression of an activated Notch gene under the control of the transiently active seven/ess promoter causes a transformation of the R3 and R4 photoreceptor precursors into R7 cells, while the R7 precursor becomes a cone cell (Fortini et al., 1993) . These cell fate transformations have previously been shown to be default pathways, re-suiting from the inability of the precursor cells to process determination cues correctly.
Our results from the in vivo transfection of single cells with XotchAE DNA indicate that continuous Xotch activity can autonomously cause Xenopus retinal precursors to retain an undifferentiated morphology beyond the time at which most of the retinal architecture has been established. In addition, transfected cells with this morphology do not express molecular markers of differentiated neurons. Similar effects on mouse cortical cell differentiation were observed after persistent expression of the Drosophila hairy homolog HES-1 (Ishibashi et al., 1994) . A recent experiment suggests that mammalian Notch activity allows glial but not neural differentiation in vitro (Nye et al., 1994 ).
Though we can not rule out the possibility that Xotch activity in vivo allows cells to achieve an immature glial cell fate, these transfected cells maintain neuroepithelial characteristics while other postmitotic cells around them differentiate.
It is particularly interesting that none of the transfected cells took up BrdU at stage 41. This could mean that these cells are postmitotic, or mitotically arrested, which could explain the lower expression efficiency we observed, as daughter cells would not be produced by transfected progenitors.
Previously, activation of Notch-family genes has been shown to affect the number and diversity of mature cell types produced by multipotent progenitors (Coffman et al., 1993; Fortini et al., 1993; Rebay et al., 1993; Struhl et al., 1993) . Our study demonstrates persistence of undifferentiated cells correlated with the continuous in vivo misexpression of an active form of Xotch. These results support and extend the model put forth by Coffman et al. (1993) that Xotch activity delays or inhibits cell differentiation.
Experimental Procedures
Tissue Preparation Animals were staged by external morphology according to Nieuwkoop and Faber (1956) . Tissue to be used solely for in situ hybridization was obtained from Xenopus laevis embryos and adult frogs. Whole embryos and dissected adult eyes were fixed for 2 hr at room temperature or overnight at 4°C in 0.5% glutaraldehyde, 4% formaldehyde-MEM (0.1 M MOPS [pH 7.4], 2 mM EGTA, 1 mM MgSO4). Tissue was rinsed and stored in 100% methanol at -20°C. When ready to be processed, the tissue was cleared in xylene and embedded in paraffin. Sections were cut at 10 p.m thickness and adhered overnight to slides treated with Vectabond reagent (Vector Labs). For tissue used in i mmunohistochemistry, fixation was done in 4% paraformaldehyde-MEM (MEMPFA) only and either embedded in paraffin and sectioned with a rotary microtome at 10 I~m or cryoprotected in 30% sucrose/0.1 M phosphate buffer, frozen, and cryostat-sectioned at 12 p.m.
In Sltu Probe Preparation
Sense and anti-sense RNA probe was produced from a linearized template containing the AN 119 Xotch cDNA clone provided by Clark Coffman (Coffman et al., 1990) . This template contains approximately 4.6 kb of the 5' end of the Xotch coding sequence. Probe synthesis was carried out using the Boehringer Mannheim Genius kit, including digoxigenin-labeled UTP. The full-length transcript was hydrolyzed in sodium carbonate buffer for 50 rain at 60°C and stored at -20°C in hybridization buffer (Harland, 1991) . Sense probe was made from the same template and used as a negative control.
In Situ Hybridization
Tissue sections were deparaffinized, rehydrated, and fixed for 20 min in MEMPFA, then rinsed in 2x SSC and incubated in 2-20 p.g/ml proteinase K in Tris-EDTA for 30 rain at 37°C. The slides were then refixed in MEMPFA for 5 rain, washed in 2x SSC, and treated with 0.1 M triethanolamine/0,25% acetic anhydride, After washing again in 2x SSC, the slides were rinsed in 50% ethanol and dried.
At this point, the sections were covered with probe diluted to 1 p.g/ ml in hybridization buffer (Harland, 1991) and coverslipped. The edges of the coverslips were sealed with DPX mounting medium, and the slides were incubated overnight at 50°C on a slide warmer. Following the hybridization step, the coverslips were removed by peeling off the dried DPX and soaking the slides in 4x SSC, 0.30/0 CHAPS. The sections were then washed in this solution before being incubated for 30 rain at 37°C in a solution containing 20 p.g/ml RNase A, 10 U/ml RNase T1, 0.5 M NaCI, 0.1 M Tris (pH 8.0), and 0.1 mM EDTA. The tissue was washed in successive changes of 2 x SSC, I x SSC, and 0.5x SSC with CHAPS, in 0.1x SSC/CHAPS at 50°C, and in 0.1 x SSC.
After washes in phosphate-buffered saline (PBS)/0.10/O Tween-20 and PBT (PBS, 0.20/0 bovine serum albumin [BSA] , 0.20/0 Triton X-100), the sections were blocked for 30 min in PBT/20o/O normal goat serum (NGS). Boehringer Mannheim sheep anti-digoxigenin alkaline phosphatase antibody in PBT/20o/O NGS was first preabsorbed on crushed, fixed Xenopus tissue and then added to the slides at a dilution of 1:1000. Incubation and the color reaction were carried out according to the Genius kit. When the staining was sufficiently dark, the sections were fixed for 1 hr in MEMPFA and either dehydrated and mounted or prepared for a further round of immunohistochemistry with a second antibody (BrdU). Controls hybridized with sense probe showed only background staining.
BrdU Injections and Immunohistochemistry
Anesthetized animals were injected intra-abdominally with 5 mg/ml BrdU, then allowed to recover. At appropriate times, the animals were fixed as described above. Following in situ hybridization, tissue sections were treated essentially following the protocol of Biffo et al. (1992) with several modifications. After preliminary treatment with HCI, the tissue was blocked for 20 min in PBT/50/O NGS, then incubated overnight at 4°C in a 1:10 dilution of mouse anti-BrdU antibody (BectonDickinson). The next day, the slides were washed in PBT and incubated for 2 hr in a 1:800 dilution of goat anti-mouse, tetraethylrhodamine B isothiocyanate-conjugated secondary antibody (Jackson Labs). The sections were washed in PBT and PBS, then mounted in glycerol/ p-phenylenediamine (0.01%). Uninjected control animals showed no BrdU labeling. Staining was visualized with a Nikon Optiphot 2 fluorescent microscope, and digital images were generated using a Spectrasource CCD camera. Images were then processed using Adobe Photoshop, NIH Image, and Deneba Canvas software on Apple Macintosh computers.
HUA Treatment and Analysis
Stage 20 embryos were treated with hydroxyurea and aphidicolin to prevent cell division as described previously by Harris and Hartenstein (1991) . Retinas from treated experimental and untreated control animals at stages 35•36 and 41 were assayed for cell division by squashing them under a coverslip in Hoechst dye and counting the nuclei (Harris and Hartenstein, 1991) . For in situ hybridization, embryos were processed as described above.
DNA Lipofection and Immunodetection
The pRSVL (luciferase) expression plasmid was a gift from Christine Holt (Holt et al., 1990) , The pRSV-X~E plasmid was constructed by ligating a c-myc-tagged XotchAE construct (supplied by Chris Kintner and Clark Coffman)into pRSV, a gift from Suresh Subramani. Stage 18 embryos were injected with a mixture of DNA and DOTAP (Boehringer Mannheim) in a ratio of 1:3 (w/w). The DNA/DOTAP mixture was microinjected into the anterior neural fold of the embryo using a Picospritzer (General Valve Corporation). At stage 41, embryos were fixed as described above, and skin was dissected from over the eyes. After permeabilizing overnight in methanol, whole-mount immunostaining was carried out with 9E10 anti-c-myc (gift from Charles Zuker) or antiluciferase (gift from Christine Holt) primary antibodies and HRPconjugated secondary antibodies (Jackson Labs). Embryos were then fixed in 1% glutaraldehyde, embedded in gelatin, and vibratome sectioned at 50 p~m. Use of thick sections allowed us to see most, if not all, of the morphology of individual cells and to classify cell types readily. The samples of luciferase-and ~otoh,~E-transfected cells were compared statistically using 7, 2 analysis.
Double Immunohiatochemistry
Primary antibodies were added simultaneously and incubated with cryostat tissue sections overnight at 4°C. For analysis of dividing cell types, we used XAP-2 (Harris and Messersmith, 1992) and R5 (Dr&ger et al., 1984) monoclonal antibodies along with anti-BrdU. For analysis of Xotoh~E-transfected cell types, we used anti-BrdU, XAP-1 (Harris and Messersmith, 1992) , and RMO270.7 (Lee et al., 1987 ) monoclonal antibodies along with 9E10. After washes in PBT, fluorescently labeled, isotype-specific secondary antibodies (Southern Biotech) were added simultaneously for 2 hr at room temperature, and staining was visualized on a Zeiss Axioskop fluorescent microscope.
